Al substitution. The direct-current resistivity decreases and follows an exponential decay with the increase of temperature, and it increases with Al substitution.
Introduction
Low-temperature co-red ceramic (LTCC) is one of the key technologies for manufacturing multilayered ceramic structures, which has comprehensively been used in the integration of passive components into monolithic devices. There are several layers of substrate material in which are buried capacitor, inductor, resistor, resonator, and lter components in the module.
As a kind of so magnetic ferrite, the polycrystalline NiCuZn ferrites extensively used in multilayer chip inductors (MLCI) because they exhibit excellent magnetic properties, high electrical resistivity, and good chemical stability.
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To integrate ferrite materials in LTCC technology, their sintering temperatures have to be reduced to less than 950 C to avoid Ag diffusion and shrinkage since the melting temperature of silver metallization is 962 C. However, sintering temperatures of typical ferrite materials are much higher than 950 C. Under this condition, there are main two approaches to obtain dense samples with optimized microstructures aer ring below 950 C. One approach is to introduce single or multiple effective sintering additives to NiCuZn ferrite to form liquid phases in grain boundaries for promoting the densi-cation and reducing the sintering temperature. [5] [6] [7] [8] [9] [10] Another approach to obtain dense ferrite materials aer ring below 950 C is by using high sinter-active ferrite powders prepared by alternative synthesis routes.
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In present work, NiZnCo ferrite nanopowders were prepared by the sol-gel auto-combustion method due to it has advantages of being able to use inexpensive precursors and a simple preparation process. Especially, the well dispersed homogenous, nano-sized and high sinter-active ferrite powder can be obtained at low sintering temperature.
13 Accordingly, the effects of Al substitution on the structural, magnetic and electrical properties of NiZnCo ferrite aer ring at 950 C are investigated. auto-combustion method. The preparation process of nanopowders had been reported in our previous work. 15 And then, the dried nanopowders were granulated with 10% poly-vinyl alcohol (PVA). The powder was pressed into samples with toroidal (F12 mm Â F8 mm Â h5 mm) and disc shape (F10 mm Â h5 mm), which were sintered at 950 C for 4 h in air to yield the nal samples.
Experimental procedures

Characterization and property measurements
The phase identication of the prepared ferrite samples was performed by DX 2700 X-ray diffractometer (XRD) (Cu target, K a radiation, l ¼ 1.5406Å) at room temperature. The microstructures were observed by the JEOL JSM-6490L scanning electron microscope (SEM). The frequency dependence of initial permeability of the prepared ferrite samples were measured by HP4291B impedance analyzer from 1 MHz to 1.8 GHz. The temperature dependence of initial permeability of the prepared ferrite samples were measured by WK 6500P LCR meter bridge from room temperature to 300 C. The hysteresis loops of samples were measured at room temperature by using a TOEI VSM-5S-15 vibrating sample magnetometer (VSM). The dielectric constant (3 0 ) measurement were carried out using WK 6500P
LCR meter bridge in the frequency range from 100 Hz to 10 MHz at room temperature. The dc resistivity was measured with Keithley 6517B high resistance meter at the temperature ranging from room temperature to 230 C using silver-paste contacts on both sides of disc samples. [16] [17] [18] [19] [20] It is due to small amount of aluminum oxide can be segregated at grain boundaries which inhibits the boundary movement as the second phase particle in the nal sintering stage 20 which can be conrmed by the EDS analysis in the grain interior and grain boundary (Fig. 3) . Eventually, the grain size decreases with Al substitution increasing. Table 1 , the density (d) have the maximum value and the porosity is the lowest when x ¼ 0.05 indicates that proper Al substitution can increase the density of NiZnCo ferrite, which leads to the domain wall movement and domain rotation become easier. And then, the initial magnetic permeability increases with Al substitution. Moreover, the magnetocrystalline anisotropy constant (K 1 ) of magnetic ions is a constant except zero and the value of K 1 for nonmagnetic ions is zero, so the nonmagnetic Al 3+ ions substitution can result in the decrease of K 1 . And the initial permeability is inversely proportional to K 1 , hence the decrease of K 1 is another reason to make the initial magnetic permeability increase. However, the decrease of initial magnetic permeability when Al substitution excess 0.05 may be due to the inhomogeneous distribution of Al 3+ ions and lattice deformation with excessive Al substitution which can result in the increase of inner stress. In addition, Fig. 4 (a) also indicates that the resonance frequency initially decreases and then increases with increasing Al substitution. In other words, the resonance frequency is inversely proportional to initial magnetic permeability which obeys the Snoek's law. metal cations. And among them AB interaction is the strongest one and AA interaction is the weakest one. 22 Therefore, AB superexchange interaction becomes weaker because the magnetic Fe 3+ ions are being replaced by the nonmagnetic Al Fig. 5(b) . It is observed that H c monotonously decreases with the increase of Al substitution. On the one hand, the decrease in H c value due to the nonmagnetic ions enter the lattices can result in the decrease of magnetocrystalline anisotropy energy. On the other hand, according to the Stoner-Wohlfarth mono-domain theory, 23 H c increases with the increase of crystallite size when the crystallite is mono-domain structure. And the transition from mono-domain to multi-domains is supposed to occur when the grain size is around 2.9 mm. 24 So, from Fig. 2 , the crystallite with mono-domain structure is another possible reason for the decrease of H c with Al substitution.
Magnetic properties
Electrical properties
The frequency dependence of the real dielectric constant (3 0 ) of Ni 0.4 Zn 0.5 Co 0.1 Al x Fe 2Àx O 4 ferrite in a frequency range from 100 Hz to 10 MHz at room temperature is shown in Fig. 6 . The dielectric constant is calculated using the following equation:
where C is capacitance of the parallel plate capacitor, d is the thickness of the pellet, A is the cross-sectional area of the at surface of the pellet and 3 0 is the free space dielectric constant. Fig. 6 indicates that the real dielectric constant of Ni 0.4 Zn 0.5 -Co 0.1 Al x Fe 2Àx O 4 ferrite decreases exponentially as frequency increases. The real dielectric constant decreases rapidly in low frequency region while it approaches almost frequency independent in high frequency region for all the compositions under investigation.
The dielectric polarization in ferrites is similar with the conduction hopping mechanism. Hopping between Fe 2+ and Fe 3+ the local displacement of electrons in the direction of the applied eld occurs and these electrons determine the polarization. 25 The alternating electric eld causes the localized charges accumulation at grain boundaries and results in interfacial polarization. At lower frequencies, the real dielectric constant decreases rapidly due to the space charges are able to follow the frequency of the alternating eld. The polarization decreases with increasing frequency and then reaches a constant value due to the fact that beyond a certain external eld frequency, as a result electron exchange between Fe 2+ and Fe 3+ ions don't obey the variant in an alternating eld. The large value of dielectric constant at lower frequency is due to the predominance of species like Fe 2+ ions, interfacial dislocation piles up, oxygen vacancies, grain boundary defects, and so on. At the same time, the decrease in the real dielectric constant with frequency because any species contributing to polarizability is found to show lagging behind the applied eld at a certain higher frequencies.
Polarisation The hopping probability not only depends upon the separation between the ions involved but the activation energy.
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The relationship between direct-current resistivity and temperature obeys the well-known Arrhenius equation as
where r d is the resistivity at temperature T, r 0 is the preexponential constant which equals the resistivity at innitely high temperature, k is the Boltzman's constant, and E r is the activation energy. For semi-conducting behavior, from the plots of ln r against l/T, the activation energies E r can calculated from eqn (2). 30 It is noticed that the values of activation energies increased from 0.531 eV (x ¼ 0) to 0.659 eV (x ¼ 0.20) (Fig. 7(b) ). The result indicates that the activation energy is inuenced by Al substitution. The hopping depends upon the activation energy, which is associated with the electrical energy barrier experienced by the electrons during hopping. And the electronic conduction in ferrites is formed by hopping of electrons between ions of the same element present in more than one valance state, distributed randomly over crystallographically equivalent lattice sites. In other word, the electrical energy barrier becomes much higher when the Fe 3+ ions are being replaced by the different element ions at the same lattice sites. So, the activation energy E r increases with increasing Al substitution. 
Conclusions
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